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Recent discovery of ammonia-oxidizing archaea (AOA) not only substantially 
improved our understanding of the global nitrogen cycle, but also provided new 
possibilities for nitrogen removal from wastewater. In particular, compared to 
ammonia-oxidizing bacteria (AOB), the high ammonia oxidation under oxygen-
limited conditions driven by AOA is potentially more suitable for autotrophic nitrogen 
removal in a single-stage membrane aerated biofilm reactor (MABR) through 
coupling with anaerobic ammonia oxidation (Anammox). In this work, mathematical 
modeling is applied to assess the system performance and associated microbial 
community structure of an AOA-Anammox MABR under low- (30 mg N L-1) and 
high-strength (500 mg N L-1) ammonium conditions, with a side-by-side comparison 
to an AOB-Anammox MABR system under the same conditions. Results demonstrate 
that both ammonium surface loading (or hydraulic retention time) and oxygen surface 
loading significantly affect the system performance. In contrast to AOB-Anammox 
system, the AOA-Anammox MABR shows higher total nitrogen (TN) removal and 
lower oxygen supply, with much better repression of NOB and substantially wider 
operating window for high-level TN removal (>80%) in terms of varied oxygen and 
ammonium loadings. These results provide first insights and useful information for 
design and operation of this novel AOA-Anammox MABR system in its potential 
future applications. 
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Nitrogen removal is one of the crucial processes in wastewater treatment. 
Conventional biological nitrogen removal (BNR) from wastewater consists of 
nitrification by ammonia-oxidizing bacteria (AOB) and nitrite-oxidizing bacteria 
(NOB) followed by denitrification, which cannot satisfy the development 
requirements for the next generation wastewater treatment processes, such as to 
enhance energy recovery from organics in wastewater and to reduce the energy 
consumption/carbon footprint for nitrogen removal [1]. Autotrophic nitrogen removal 
system has been developed in which, under oxygen-limited conditions, AOB convert 
ammonia to nitrite, which provides electron acceptor to anaerobic ammonia oxidation 
(Anammox) bacteria to oxidise the remaining ammonia forming nitrogen gas [2-5].  
Compared to the conventional nitrification and denitrification process, this 
autotrophic process has a lower oxygen demand (hence less aeration and energy 
consumption) and does not require external carbon source [6]. Such autotrophic 
system has successfully been implemented in full-scale application [7, 8]. 
Approximately 100 full-scale autotrophic partial nitritation/anammox systems have 
been installed worldwide for side-stream (75%) and main-stream (25%) ammonium 
treatment [9], with 88% of these plants being operated as single-stage systems which 
would reduce the space as well as decrease both the capital and operational costs 
compared to two-stage reactor configurations. However, it is typically difficult to 
achieve high levels of nitrogen removal in one-stage autotrophic systems, because a 
high dissolved oxygen (DO) concentration inhibits the anammox bacteria and induces 
the proliferation of NOB while a low DO inhibits the activity of AOB [10, 11]. 
Further, compared to more widely applied autotrophic treatment for high-strength 
ammonium, the low-strength ammonium treatment (e.g., main-stream condition) is 
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being explored at an infancy stage and one of the main challenges is the repression of 
NOB [11, 12]. 
It has been demonstrated that autotrophic ammonia oxidation is not conducted 
exclusively by bacteria (i.e., AOB), and ammonia-oxidizing archaea (AOA) are 
ubiquitous in various natural environments [13-15] and wastewater treatment systems 
[16-18]. Recent discovery of AOA not only substantially improved our understanding 
of the global nitrogen cycle, but also provided new possibilities for BNR from 
wastewater [19, 20]. In contrast to AOB, AOA often thrive at DO levels of ca. 0.1 
mg/L and can achieve higher ammonia oxidation under oxygen-limited conditions 
[21]. AOA are therefore likely a better partner with Anammox than AOB in 
autotrophic nitrogen removal process. In natural systems such as marine or soil, 
substantial experiments have proven AOA could provide nitrite and create anoxic 
microenvironments for anammox bacteria with oxygen consumption [22]. Thus, an 
autotrophic nitrogen removal process driven by AOA and Anammox could potentially 
be an attractive alternative to AOB-Anammox system for achieving complete 
autotrophic nitrogen removal. 
Due to the slow growth rates of AOA and Anammox, biomass retention is crucial 
for high-rate performance. Biofilms can retain microorganisms with very slow growth 
kinetics, and biomass can be naturally accumulated in the biofilm at different depths. 
Particularly, the membrane aerated biofilm reactor (MABR) has evolved in recent 
years [23-25] and been proved to be suitable for one-stage autotrophic nitrogen 
removal process [26-29]. In such system, oxygen is supplied through a gas-permeable 
membrane that also serves as biofilm support. The merits of such a system lie in the 
high and efficient oxygen transfer through the membrane and also in the potential for 
a more amenable control strategy due to separation of oxygen and ammonium fluxes. 
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For example, partial nitrification and completely nitrogen removal were successfully 
achieved in a single MABR, with a max removal rate of 0.77 kg-N/m3/d and 88.5% 
total nitrogen (TN) removal efficiency [27]. 
Mathematical modelling of wastewater treatment processes is of great importance 
toward a full understanding of the complex system and the optimization of its 
practical application [30-34]. Although AOA have several characteristics potentially 
rendering AOA-Anammox more suitable for AOB-Anammox, such new coupling 
systems have not been explored yet. In this study, we carry out a model-based 
assessment of the performance of a novel autotrophic nitrogen removal technology 
based on AOA and Anammox in one-stage MABR, for both low-strength and high-
strength ammonium treatment, with a side-by-side comparison to an AOB-Anammox 
MABR system. The impacts of key operational parameters on removal efficiency 
such as oxygen surface loading (LO2) and ammonium surface loading were 
investigated to provide the first insight into the role of AOA in partial nitrification 
MABR systems, which may help improve the design and operation of such systems 
for future applications. 
 
2. Material and methods 
2.1 Membrane-aerated biofilm reactors 
In an MABR reactor, oxygen is supplied through a gas-permeable membrane that 
also serves as biofilm support (Figure 1). Applying a counter-diffusional concept, 
oxygen is provided to the base of the biofilm, whereas other substrates, namely 
ammonium and bicarbonate, are supplied from the bulk liquid phase [35, 36]. The 
oxygen and ammonium concentration gradients cause stratification of AOA (or AOB) 
and Anammox in the biofilm (Figure 1). The simulated MABR in this work has a 
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working volume of 1 m3 with a completely mixed liquid phase. The bulk volume and 
biofilm surface area of the reactor are 0.96 m3 and 235 m2, respectively, with a 
surface to volume ratio of 245 m2 m-3. Gas-permeable membranes used for oxygen 
supply and biofilm attachment have about 0.04 m3 gas volume inside the membrane 
lumen. Compressed air is supplied in flow-through mode to the membrane module, 
with the oxygen flux to the biofilm controlled through changing either the applied gas 
pressure or the gas flow rate into the membrane lumen. In this work, the simulated 
low-strength ammonium concentration is set at 30 mg N L-1 representing main-stream 
condition [12] while high-strength ammonium concentration is 500 mg N L-1 
mimicking side-stream condition [9]. The influent flow rate is varied to regulate the 
influent ammonium surface loading, which also corresponds to hydraulic retention 
time (HRT) in this case. 
 
2.2 Mathematical models 
The kinetics and stoichiometry of the biological reaction model for the one-stage 
autotrophic nitrogen removal system driven by AOA and Anammox (Figure 1A) are 
summarized in Tables 1 and 2. Both growth and decay processes are considered for 
each species, i.e., AOA, NOB, Anammox and heterotrophs. Kinetic control of all the 
microbial reaction rates is described by the Monod equation, with each reaction rate 
modelled by an explicit function considering all substrates involved. The parameters 
used regarding the metabolisms of AOA, NOB, Anammox and heterotrophs are listed 
in Table S1 in the Supporting Information (SI) with the definitions, values and units. 
For the one-stage autotrophic nitrogen removal system driven by AOB and Anammox 
(Figure 1B), the kinetics and stoichiometry of the biological reaction model for AOB-
Anammox MABR system are well established previously in literature [35-37], and 
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thus presented in Tables S2-S4 (SI). 
The multi-species one-dimensional biofilm model is then constructed to simulate 
the biotransformation and microbial community structure in the MABR, employing 
the software AQUASIM 2.1d [38]. The MABR is modelled through integrating a 
completely mixed gas compartment (representing the membrane lumen operated as 
flowthrough) with a biofilm compartment, containing the biofilm and bulk liquid. The 
gas compartment is connected to the base of the biofilm via a diffusive link. The 
gaseous concentration of oxygen in the gas compartment is determined by the applied 
gas pressure and the gas flow rate. The oxygen flux from the gas to the biofilm matrix 
compartment through the membrane is modelled based on Henry law [35, 36]. 
Biofilm structures are represented as a continuum without considering diffusive mass 
transport of biomass in the biofilm matrix. The steady-state biofilm thickness is 
established by controlling the detachment using a global detachment velocity [35]. 
The water fraction of the biofilm matrix is 0.75, while the biomass density is 50000 g 
COD m-3 [35, 36]. Parameters regarding biofilm density and porosity, as well as the 
mass transfer coefficients for ammonium, nitrite, nitrate and oxygen are selected 
according to Hao et al. [39]. 
 
2.3 Scenarios for assessment 
Eight different scenarios are considered for the comparison between AOA-
Anammox and AOB-Anammox MABR systems in this work, as detailed in Table 3. 
The first two scenarios (Scenarios 1 and 2) assess the mechanisms behind each system 
for low-strength and high-strength nitrogen removal, respectively, through generating 
depth profiles of nitrogen species and DO as well as microbial community 
distribution in the biofilm. The applied oxygen surface loading ( ), ammonium 
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concentration, HRT (corresponding to ammonium surface loading) and biofilm 
thickness () are 0.45 g m-2 d-1, 30 mg N L-1, 0.5 d and 200 µm for the low-strength 
treatment, respectively, while 0.95 g m-2 d-1, 500 mg N L-1, 5 d and 500 µm for the 
high-strength treatment, respectively. 
Scenarios 3 and 4 examine the effects of  and HRT on the TN removal and 
microbial community structure for both AOA-Anammox and AOB-Anammox 
MABR biofilms under low-strength ammonium condition (containing ammonium of 
30 mg N L-1) at steady state. The operational parameters for simulation are chosen 
systematically over wide ranges of   (0.19 – 0.95 g m-2 d-1) and HRT (0.25 – 0.75 
d) given a flow rate varying from 3.84 to 1.28 m3 d-1. Scenarios 5 and 6 test the 
effects of  and HRT on the TN removal and microbial community structure for the 
two MABR biofilms under high-strength ammonium condition (containing 
ammonium 500 mg N L-1) at steady state, with the variations of   (0.19 – 1.90 g m-2 
d-1) and HRT (2 – 10 d) given a flow rate varying from 0.48 to 0.096 m3 d-1. Scenarios 
7 and 8 then assess the combined impact of   and HRT on the process performance 
in order to compare the optimal operating windows for AOA-Anammox and AOB-
Anammox MABRs under different conditions. 
For each scenario, the initial concentrations of all soluble components are 
assumed to be zero in both biofilm and bulk liquid phases. An average biofilm 
thickness is applied in the model without consideration of its variation with locations. 
All simulations assume an initial biofilm thickness of 20 µm. Compared to the low-
strength MABR, the high-strength MABR usually undergoes a shorter HRT, giving 
rise to a greater shear force. Therefore, a lower steady-state biofilm thickness is used 
to simulate the low-strength MABR (i.e., 200 µm) while a higher steady-state biofilm 
thickness is considered for the high-strength MABR (i.e., 500 µm). Simulations are 
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typically run for up to 1500 days to reach steady-state conditions in terms of effluent 
quality, biofilm thickness, and biomass compositions in biofilms. The steady-state TN 
removal is used to evaluate the performance of MABR. 
 
3. Results 
3.1 MABR performances under low- and high-strength conditions 
For the low-strength AOA-Anammox MABR operated in Scenario 1 (Table 3), 
the steady-state effluent NH4+, NO2- and NO3- concentrations are 2.3 mg N L-1, 0 mg 
N L-1, and 1.8 mg N L-1, respectively, resulting a TN removal efficiency of 86.3%, 
higher than that of 83.0% in low-strength AOB-Anammox MABR with NH4+, NO2- 
and NO3- concentrations of 2.6 mg N L-1, 0 mg N L-1, and 2.5 mg N L-1 in the 
effluent, respectively. The steady-state performances of the high-strength AOA-
Anammox and AOB-Anammox MABR systems under the operational conditions of 
Scenario 2 (Table 3) are comparable, with TN removal efficiencies of 87.9% and 
87.0%, respectively. Both effluents contain no nitrite, with ammonium concentrations 
at about 14.5 mg N L-1 for both systems. The effluent nitrate concentrations are 
slightly different, which is 46.0 mg N L-1 in AOA-Anammox MABR while 50.5 mg 
N L-1 in AOB-Anammox MABR. The higher or comparable TN removal efficiency 
reveals the feasibility of the AOA-Anammox MABR for nitrogen removal under both 
low- and high-strength ammonium conditions. 
The steady-state microbial community distribution and the resulting substrate 
profiles along the biofilm of both AOA-Anammox and AOB-Anammox MABR 
systems for low- (Scenario 1) and high-strength (Scenario 2) ammonium conditions 
are shown in Figure 2. Under low-strength condition, AOA are dominant in the 
middle (i.e., 50 – 120 µm) of the biofilm while Anammox are dominant at the outer 
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layer (i.e., 120 – 200 µm) of the biofilm in AOA-Anammox MABR (Figure 2A), 
which is due to the counter diffusion of DO from the membrane lumen and dissolved 
substrates from the bulk liquid. In contrast, AOB are the dominant species near the 
inner layer (i.e., 0 – 75 µm) of biofilm while Anammox at the outer layer (i.e., 75 – 
200 µm) in AOB-Anammox MABR (Figure 2C), also with NOB occupying a small 
region (0 – 20 µm) close to the biofilm base. These data are coincident with 
corresponding substrate profiles along the biofilm (Figures 2B and 2D). DO decreases 
from the base to the surface of the biofilm but NH4+ shows an inverse trend, resulting 
in the abundance of AOA or AOB near the inner layer, and Anammox near the outer 
layer of the biofilm in either system. Notably, NH4+ concentration decreases to zero at 
ca. 50 µm of the biofilm in AOA-Anammox MABR (Figure 2B), thus leading to the 
migration of AOA towards the middle of the biofilm due to the availability of 
substrates; while both NH4+ and DO are available near the base of the biofilm and 
therefore AOB domination is found there in AOB-Anammox MABR (Figure 2D). 
Also, higher NO2- accumulation near the biofilm surface in AOB-Anammox MABR 
induces the coexistence of NOB. 
A different microbial distribution is observed in both high-strength MABR 
biofilms (Figures 2E – 2H). AOA dominate the inner layer (i.e., 0 – 150 µm) of the 
biofilm in AOA-Anammox MABR (Figure 2E). Similarly, AOB are dominant near 
the base (i.e., 0 – 50 µm) of the biofilm in AOB-Anammox MABR (Figure 2G), with 
the coexistence of small fractions of NOB (due to higher NO2- accumulation) at the 
base of the biofilm. These again coincide with the associated substrate profiles that 
NH4+ is available near the base of both biofilms (Figures 2F and 2H).  In contrast, the 
highest proportion of Anammox is found at around the middle of the biofilms in both 
systems, mainly due to unavailability of NO2- near the surface of the biofilm (Figures 
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2F and 2H). These observations clearly illustrate that the stratification of the 
microbial community along the biofilm depth is determined by the kinetic differences 
between AOA and AOB and thus their substantially different microbial interactions 
with Anammox in the biofilms. 
It has been shown that the co-culture of AOA and Anammox is ubiquitous in 
various natural and engineering systems [18, 20, 40]. Our simulations results are in 
accordance with this fact and further demonstrate the good syntrophic metabolism 
between AOA and Anammox. Recent studies also show that AOA are abundant in 
activated sludge systems operated at prolonged solids retention times (SRT) [19]. 
Coincidently, the MABR can effectively retain the biomass and thus result in 
favourable conditions for AOA growth. 
Sensitivity analyses were conducted to evaluate the model structure and to 
investigate the most determinant biokinetic parameters on the system performance of 
AOA-Anammox and AOB-Anammox MABRs in terms of TN removal using the 
AQUASIM built-in algorithms, with results shown in Figures S1 (under low-strength 
conditions) and S2 (under high-strength conditions) in the SI, respectively. 
Specifically, as demonstrated in Figure S1, the TN removal efficiency of the low-
strength AOA-Anammox MABR is most sensitive to Anammox- and AOA-related 
biokinetic parameters, i.e., the yield coefficients for Anammox (YAMX) and AOA 
(YAOA), which represent the decisive role of AOA and Anammox in the nitrogen 
removal of AOA-Anammox MABR. Similarly, the TN removal efficiency of the low-
strength AOA-Anammox MABR is most dependent on AOB- and Anammox-related 
parameters, i.e., the yield coefficients for Anammox (YAMX) and AOB (YAOB). 
Under high-strength conditions (Figure S2), the most sensitive parameters for the 
TN removal efficiency of AOA-Anammox MABR are the yield coefficients for AOA 
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(YAOA) and Anammox (YAMX), all NOB-related parameters, and the maximum growth 
rate of Anammox (µAMX). These parameters directly regulate the microbial 
community structure in the high-strength AOA-Anammox MABR biofilm, which 
therefore determines the system performance. For AOB-Anammox MABR, besides 
NOB-related parameters, its TN removal efficiency is most sensitive to the yield 
coefficients for AOB (YAOB) and Anammox (YAMX). 
In the future application of the model, it is not practical to measure all of the 
numerous biokinetic parameters involved. Therefore, accurate determination of those 
particularly sensitive to the performance of low-strength or high-strength AOA-
Anammox MABR (as discussed herein) in combination with reported values of other 
parameters could significantly reduce the calibration efforts while generating reliable 
results. 
 
3.2 Impacts of oxygen surface loading on MABR systems 
The impacts of different   on TN removal efficiency and active biomass 
fraction in the biofilms of both low-strength AOA-Anammox and AOB-Anammox 
MABR systems (Scenario 3, HRT = 0.5 d) are shown in Figures 3A and 3B. In both 
systems, Anammox is predominant at   of lower than 0.45 g m
-2
 d-1. With   
increasing from 0.19 to 0.45 g m-2 d-1, the TN removal efficiencies increase from 
40.9% to 86.3% in AOA-Anammox MABR and from 39.6% to 83.0% in AOB-
Anammox MABR, due to higher availability of oxygen for ammonium oxidation. 
Further increasing   from 0.45 to 0.95 g m
-2
 d-1 in AOB-Anammox MABR leads to 
a quick buildup of NOB activity and thus nitrate formation increases, associated with 
a sharp drop of TN removal from 83.0% to 46.3% (Figure 3B), in agreement with the 
previous study that increasing oxygen loadings in AOB-Anammox MABR resulted in 
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system failure in terms of TN removal due to the inhibition on Anammox and 
proliferation of NOB [27]. In contrast, the TN removal in AOA-Anammox MABR 
increases further to a maximum value of 91.5% at   of 0.59 g m
-2
 d-1, before a slow 
decline to 67.7% at   of 0.95 g m
-2
 d-1 (Figure 3A) due to an much less occurrence 
of NOB (thus also less competition on Anammox). Despite of better performance 
compared to AOB-Anammox MABR, oxygen loadings in AOA-Anammox MABR 
should also be controlled at an appropriate lower range, as a better syntrophic 
metabolism between AOA and Anammox can be achieved under oxygen-limited 
conditions [20]. 
The system performances and microbial structures of both high-strength MABR 
systems at different  (Scenario 5, HRT = 5 d) are shown in Figures 3C and 3D. 
Similarly, with   increasing from 0.19 to 0.85 g m
-2
 d-1, the TN removal efficiencies 
in both systems show an increase from ca. 24% to 90% while AOA-Anammox 
MABR demonstrates a slightly better efficiency (i.e., ~5%) than that of AOB-
Anammox MABR. When   further increases (i.e., higher than 0.85 g m-2 d-1), the 
nitrification processes shift to nitrate formation in AOB-Anammox MABR with the 
increasing abundance of NOB, which could compete with AOB for oxygen and with 
Anammox for nitrite, and lead to the significant decline in TN removal, i.e., 57.9% at 
 of 1.90 g m
-2
 d-1 (Figure 3D). In comparison, the TN removal only slightly drops 
to ca. 80% at   of 1.19 g m
-2
 d-1 and then keeps relatively stable in the remaining 
from   of 1.19 to 1.90 g m
-2
 d-1 in AOA-Anammox MABR (Figure 3C), due to the 
relatively low fraction of NOB. 
 
3.3 Impacts of ammonium surface loading on MABR systems 
The impacts of ammonium surface loading (corresponding to HRT) on the TN 
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removal and microbial abundance along the biofilm of both low-strength AOA-
Anammox and AOB-Anammox MABR systems (Scenario 4,   = 0.57 g m-2 d-1) are 
shown in Figures 4A and 4B. With the increase of HRT from 0.25 to 0.40 d 
(decreasing in ammonium surface loading), the TN removal efficiencies in both 
systems increase to ca. 84%. Further increase in HRT from 0.40 to 0.75 d leads to the 
decline of the TN removal (i.e., from ca. 84% to 55%) in AOB-Anammox MABR 
system (Figure 4B), due to the observed increasing growth of NOB in ammonium-
limiting and oxygen-sufficient condition (Figure 4B); while the TN removal in AOA-
Anammox MABR system continues to increase to 91.1% at a HRT of 0.5 d (Figure 
4A) due to the higher ammonium affinity of AOA than NOB at ammonium-limiting 
condition, which limits the growth of NOB. Afterward, the TN removal drops to 
65.0% at a HRT of 0.75 d, as a result of the ammonium limitation on the growth of 
Anammox bacteria (Figure 4A). It should be noted that our simulations describe 
higher amount of AOA at lower ammonium surface loadings (i.e., higher HRTs), in 
agreement with the previous studies that larger abundance of AOA was observed at 
ammonium-limited conditions [20, 41, 42]. 
The dependency of the TN removal and microbial abundance in the biofilm of 
AOB-Anammox MABR on HRTs of 2 – 10 d under high-strength condition (Scenario 
6,   = 0.76 g m
-2
 d-1) presents a similar trend to that of low-strength condition 
(Figure 4B), with highest removal of 90.7% observed at a HRT of 5.5 d and 
increasing NOB abundance from 6 – 10 d (Figure 4D). In contrast, a different 
relationship as shown in Figure 3B is observed between HRT and the performance of 
the high-strength AOA-Anammox MABR (Scenario 6,  = 0.76 g m-2 d-1). With the 
increase in HRTs, the TN removal reaches the maximum value of 91.0% at a HRT of 
5.5 d and then plateaus over the remaining HRTs (Figure 4C). The active biomass 
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fractions of AOA and Anammox are both relatively stable over the course, with 
negligible abundance of NOB, again coincident with the repression of NOB by AOA 
in the AOA-Anammox MABR. 
 
3.4 Optimal operational conditions for nitrogen removal in MABRs 
Modelling results in Figures 3 and 4 show a strong dependency of the overall 
MABR performances on ammonium (HRT) and oxygen surface loadings, which may 
jointly determine the TN removal in AOA-Anammox and AOB-Anammox MABRs. 
Thus, the combinations of   and HRT on both MABR systems are explored (Figure 
5). Figures 5A and 5B illustrate the TN removal of steady-state low-strength AOA-
Anammox and AOB-Anammox MABR systems under various   and HRT 
conditions (Scenario 7, Table 3). The region for high-level TN removal (>80%) in 
AOB-Anammox MABR is limited in the narrow ridge-shape red area in terms of the 
variations of  and HRT (Figure 5B). Further increasing LO2 at any HRT would lead 
to the failure of TN removal. In contrast, the operating window for high-level TN 
removal (>80%) in AOA-Anammox MABR (Figure 5A) is much wider, with removal 
efficiency over 90% (dark red) under optimal operational conditions. In sum, AOA-
Anammox MABR presents higher removal efficiency than that in AOB-Anammox 
MABR (e.g., the right of optimal region towards higher  and HRT), due to the less 
sensitivity of the system to  and HRT and better repression of NOB growth with 
the presence of AOA in the biofilm. 
Figures 5C and 5D reveal the TN removal of steady-state high-strength AOA-
Anammox and AOB-Anammox MABR systems under various   and HRT 
conditions (Scenario 8, Table 3). Similarly, a narrow ridge-shape optimal red region 
for high-level TN removal (>80%) in AOB-Anammox MABR is observed (Figure 
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5D). While the region for high-level TN removal (>80%) in AOA-Anammox MABR 
is much wider than that of AOB-Anammox MABR (Figure 5C), with optimal 
removal higher than 90% (i.e., dark red areas). Noticeably, excessive oxygen supply 
at a certain HRT or a prolonged HRT at a certain  will not affect the performance 
of high-strength AOA-Anammox MABR system. 
Overall, in order to reach optimal operational conditions for nitrogen removal in 
low- or high-strength wastewater treatment, both ammonium and oxygen surface 
loadings must be well controlled in AOA-Anammox MABR to make TN removal 
efficiency locate in the red zone (>80%, Figure 5), which is easier and more reliable 




Autotrophic nitrogen removal in MABR through aerobic ammonium oxidation 
followed by Anammox has been demonstrated to be a promising technology with less 
energy consumption [6]. However, the major challenges in selecting the desired 
microbial community in autotrophic nitrogen removal system are related to the 
competition between Anammox and NOB for nitrite, and between AOB and NOB for 
oxygen [43]. Nitrate accumulation due to nitrite oxidation by NOB has become a 
clear symptom of undesired reactor performance, suppression of NOB growth to limit 
nitrate production in single-stage autotrophic nitrogen removal systems has been 
identified as one of the main challenges for successful implementation for wastewater 
treatment [11]. 
Since AOB have a slightly higher affinity to oxygen than NOB, AOB-Anammox 
MABR operated at low DO concentrations (bottom left in Figures 5B and 5D) can 
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benefit in out-selection of NOB and lead to better Anammox activity due to less 
competition of nitrite from NOB. In order to reach maximum TN removal efficiency 
(narrow ridge-shape red region in Figures 5B and 5D) in AOB-Anammox MABR 
system, appropriate well-controlled aeration is required at a certain HRT and thus is 
considered as the key factor affecting the reactor performance [10]. It has been 
reported that autotrophic nitrogen removal plants use a large number of online sensors 
for monitoring or control purposes [9]. Among them, the DO concentration is the 
most used and incorporated parameter, and failure in the DO signal can lead to severe 
consequences in process performance (top right in Figures 5B and 5D). Excessive 
oxygen supply may not be detected immediately due to DO sensor problems, which 
would lead to an increase in nitrate production from 10% to 40% as a result from 
NOB growth and Anammox inactivation [9].  
In contrast, the AOA-Anammox MABR system has a much wider high-level TN 
removal region (wide ridge-shape red region in Figures 5A and 5C) regarding DO or 
HRT variations under both low- and high-strength conditions, which provide an 
attractive alternative to the AOB-Anammox MABR with better operating flexibility 
and more reliable performance responding to potential variable oxygen supply in real 
application. For instance, an accidental oversupply of DO would not necessarily result 
in an increase of NOB activity, ensuring the stability of the system performance. In 
addition, the system might also encounter a dynamic influent loading with highly 
variant ammonium. The AOA-Anammox MABR also shows better resistance to such 
variations. The reason is attributed to the relatively low oxygen affinity constant of 
AOA ( KO 2AOA , 0.128 mg/L), resulting in a higher Anammox activity and TN removal 
due to a lower KO2
AOA / 2
NOB
OK  [36]. 
Regarding the overall TN removal, the AOA-Anammox MABR usually shows a 
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~5% higher TN removal than that of the AOB-Anammox MABR, which means 
oxygen supply in the AOA-Anammox system could be cut off by ~5% while still 
achieving the same TN removal efficiency as that the AOB-Anammox system. 
Considering aeration in BNR plants can account for nearly half of the energy used in 
the plants [44], decreasing oxygen supply by ~5% could potentially lead to a 
substantial annual operation saving (i.e., 2 – 3%) in the entire wastewater treatment 
plant. Furthermore, a high-level nitrogen removal efficiency over 90% (dark red 
region in Figure 5A) can be achieved in the low-strength AOA-Anammox MABR 
system, potentially offering a great opportunity for main-stream Anammox 
technology to meet the strict high-standard water quality requirement in some 
countries, although a higher   would increase the energy cost, with specific trade-
off being required to be considered. 
It should be noted that a small amount of organic carbon might be present in the 
influent of real wastewater due to the incomplete pre- anaerobic digestion treatment, 
which might induce the heterotrophic growth and thus potentially affect the microbial 
community structure in AOA-Anammox MABR. However, such condition would 
only lead to minor heterotrophic growth and negligible impacts on TN removal 
efficiency [45, 46]. Nevertheless, efforts should also be dedicated to minimizing the 
residual organic carbon in the pre- anaerobic digestion liquor prior to its treatment in 
the proposed MABR, which not only benefits the bioenergy recovery purpose but also 
stabilizes the treatment efficiency in the AOA-Anammox MABR. 
Ideally, the above goal in this study would be achieved if the model could be 
calibrated using experimental data. This is unfortunately not possible at present due to 
the lack of data. We have therefore chosen to conduct a simulation study by 
integrating well-established models describing various key biological processes to 
  
 19
assess the feasibility AOA-Anammox MABR process. We recognize that without 
being validated with data, the model predictions are preliminary and remain to be 
verified. However, we believe the preliminary results will already support our 
understanding in this system. 
It has been suggested that AOA are more abundant than AOB in various natural 
environments when the concentrations of oxygen and ammonium are low [19, 40, 47, 
48]. Gene sequence analysis has also revealed the presence of AOA in full-scale 
nitrifying bioreactors with long solids retention times (SRTs, i.e., >15 day) and low 
DO (ca. 0.5 mg/L) concentrations from municipal wastewater treatment plants 
(WWTPs) [16]. The dominance of AOA in a pilot-scale multilayer rapid infiltration 
system for domestic wastewater treatment [49], in activated sludge samples of two 
municipal WWTPs with low ammonium in the influent (ca. 10 mg-N/L) [41] and in a 
full-scale membrane bioreactor for simultaneous nitrogen and phosphate removal 
operated at low DO concentrations was further confirmed [18, 50]. Recently, the 
coupling of AOA and Anammox in a lab-scale sequencing batch reactor revealed the 
feasibility of this novel technology [20]. Application of AOA in nitrogen removal 
depends on identifying some effective methods or reactor types of enriching AOA. A 
long SRT is essential for retention of slow growing AOA biomass. Biofilm systems 
have been suggested for effective retention of slow growing biomass such as 
Anammox, due to the undefined SRT and their distinct substrate gradients. Therefore, 
MABR system provides a potential option to select AOA against AOB, as 
demonstrated in this work. Low DO and ammonium caused by diffusion in the 
biofilm of MABR (Figure 2) are also beneficial to selectively repress growth of AOB 
due to their lower oxygen and ammonium affinity compared to AOA [21]. In 
addition, AOA are not sensitive to temperature changes within the temperature range 
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from 8 to 20 ºC [21], potentially favouring the future implementation of the proposed 
novel AOA-Anammox MABR technology for main-stream application [12]. 
 
5. Conclusion 
This work firstly assessed the system performance and the associated microbial 
community structure of an AOA-Anammox MABR under low- and high-strength 
ammonium conditions through mathematical modelling, which were compared to an 
AOB-Anammox MABR system under same conditions. The AOA-Anammox MABR 
demonstrated higher TN removal and lower oxygen supply, with much better 
repression of NOB and substantially wider operating window for high-level TN 
removal in terms of the variations of oxygen and ammonium loadings. The novel 
AOA-Anammox MABR provided an attractive alternative to previous AOB-
Anammox MABR with better operating flexibility and more reliable performance 
responding to potential variable oxygen supply and highly dynamic ammonium 
feeding in real application. 
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Table 2. Stoichiometric matrix for the AOA-Anammox system 
Variable SO2 SS SNH4 SNO2 SNO3 SN2 XS XH XAOA XNOB XAMX XI 












    
1 
   

















   
 1   
4   NBM NXI Ii i f−     If−1    -1  If  
5   
AMX
NBM Y














 1  
6   NBM NXI Ii i f−     If−1     -1 If  













NBMi−      1 
 































   
11   NBM NXI Ii i f−     If−1  -1    If  
  
 28







Standard simulation of the partial 
nitritation (AOA or AOB) -Anammox 
biofilm system under low-strength 
condition 
 
SNH4 = 30 mg N L-1  
HRT = 0.5 d 
LO2 = 0.45 g m-2 d-1 




Standard simulation of the partial 
nitritation (AOA or AOB) -Anammox 




SNH4 = 500 mg N L-1  
HRT = 5 d 
LO2 = 0.95 g m-2 d-1 






Effect of LO2 on the partial nitritation 
(AOA or AOB) -Anammox biofilm 
system under low-strength condition 
 
 
SNH4 = 30 mg N L-1 
HRT = 0.5 d 
Lf = 200 µm  
 
 





Effect of HRT on the partial nitritation 
(AOA or AOB) -Anammox biofilm 
system under low-strength condition 
 
 
SNH4 = 30 mg N L-1 
LO2 = 0.57 g m-2 d-1 
Lf = 200 µm  
 
 
HRT = 0.25 – 0.75 d  
 
Scenario 5 
Effect of LO2 on the partial nitritation 
(AOA or AOB) -Anammox biofilm 
system under high-strength condition 
 
 
SNH4 = 500 mg N L-1 
HRT = 5 d 
Lf = 500 µm 
 
 
LO2 = 0.19 – 1.90 g m-2 d-1 
 
Scenario 6 
Effect of HRT on the partial nitritation 
(AOA or AOB) -Anammox biofilm 
system under high-strength condition 
 
 
SNH4 = 500 mg N L-1 
LO2 = 0.76 g m-2 d-1 
Lf = 500 µm 
 
 
HRT = 2 – 10 d 
 
Scenario 7 
Combined effects of HRT and LO2 on 
the partial nitritation (AOA or AOB) -




SNH4 = 30 mg N L-1  
Lf = 200 µm 
 
 
HRT = 0.25 – 0.75 d 




Combined effects of HRT and LO2 on 
the partial nitritation (AOA or AOB) -




SNH4 = 500 mg N L-1  
Lf = 500 µm 
 
 
HRT = 2 – 10 d 






Figure 1. Simplified representation of the key biochemical processes associated with 
the microorganisms involved in the two biofilm systems: (A) AOA-Anammox 
MABR; and (B) AOB-Anammox MABR. 
 
Figure 2. Modelling results of microbial and substrate profiles along the depth of the 
two MABR biofilms (depth zero represents the membrane surface, i.e., the base of the 
biofilm) under both low- and high-strength ammonium conditions: (A-B) microbial 
population distribution and substrate profiles in low-strength AOA-Anammox 
MABR; (C-D) microbial population distribution and substrate profiles in low-strength 
AOB-Anammox MABR; (E-F) microbial population distribution and substrate 
profiles in high-strength AOA-Anammox MABR; and (G-H) microbial population 
distribution and substrate profiles in high-strength AOB-Anammox MABR. 
 
Figure 3. Modelling results of the impacts of oxygen surface loading () on the 
system performance and microbial abundance under both low- and high-strength 
ammonium conditions: (A) low-strength AOA-Anammox MABR; (B) low-strength 
AOB-Anammox MABR; (C) high-strength AOA-Anammox MABR; and (D) high-
strength AOB-Anammox MABR. 
 
Figure 4. Modelling results of the impacts of ammonium surface loading (or HRT) on 
the system performance and microbial abundance under both low- and high-strength 
ammonium conditions: (A) low-strength AOA-Anammox MABR; (B) low-strength 
AOB-Anammox MABR; (C) high-strength AOA-Anammox MABR; and (D) high-
strength AOB-Anammox MABR. 
 
Figure 5. Modelling results of the dependency of the TN removal on the 
simultaneous variations of oxygen surface loading () and HRT under both low- 
and high-strength ammonium conditions: (A) low-strength AOA-Anammox MABR; 
(B) low-strength AOB-Anammox MABR; (C) high-strength AOA-Anammox 
MABR; and (D) high-strength AOB-Anammox MABR. The color scale represents 
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Figure 5. Modelling results of the dependency of the TN removal on the 
simultaneous variations of oxygen surface loading () and HRT under both low- 
and high-strength ammonium conditions: (A) low-strength AOA-Anammox MABR; 
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 System performance of AOA-Anammox MABR was assessed using 
mathematical modeling 
 AOA-Anammox MABR shows higher TN removal/lower oxygen supply than 
AOB-Anammox MABR 
 AOA-Anammox MABR shows wider operating window for high-level TN 
removal 
 This study provides first insight on design and operation of novel AOA-
Anammox MABR 
 
  
  
Graphic abstract 
 
 
 
